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ABSTRACT

The 94-GHz (W-band) Cloud Radar System (CRS) has been developed and flown on a
NASA ER-2 high-altitude (20 km) aircraft. The CRS is a fully coherent, polarimeteric Doppler
radar that is capable of detecting clouds and precipitation from the surface up to the aircraft
altitude in the lower stratosphere. The radar is especially well suited for cirrus cloud studies
because of its high sensitivity and fine spatial resolution. This paper describes the CRS
motivation, instrument design, specifications, calibration, and preliminary data from NASA’s
Cirrus Regional Study of Tropical Anvils and Cirrus Layers - Florida Area Cirrus Experiment
(CRYSTAL-FACE) field campaign. The unique combination of CRS with other sensors on the
ER-2 provides an unprecedented opportunity to study cloud radiative effects on the global
energy budget. CRS observations are being used to improve our knowledge of atmospheric
scattering and attenuation characteristics at 94 GHz, and to provide datasets for algorithm
implementation and validation for the upcoming NASA CloudSat mission that will use a 94-GHz
spaceborne cloud radar to provide the first direct global survey of the vertical structure of cloud

systems.




1. Introduction

Clouds are a key element in the global hydrological cycle, and they have a significant
role in the Earth’s energy budget through its influence on radiation budgets. Climate model
simulations have demonstrated the importance of clouds in moderating and forcing the global
energy budget (Houghton et al. 1995; Stephens et al. 1990). Despite the crucial role of clouds in
climate and the breadth of our current knowledge, there are still many unanswered details
(Stephens et al. 2002). An improved understanding of the radiative impact of clouds on the
climate system requires a comprehensive view of clouds that inludes their physical dimensions,
vertical and horizontal spatial distribution, detailed microphysical properties, and the dynamical
processes producing them. However, the lack of fine-scale cloud data is apparent in current

climate model simulations (Houghton et al. 1995; Stephens et al. 1990).

Clouds have been studied with various remote-sensing methodologies, and it is
recognized that no single active or passive sensor (optical or microwave) can measure all
radiatively important clouds. Millimeter-wave radars at W-band have been used over the past
decade to provide fine-scale cloud information. These radars offer significant advantages over
lidars and lower-frequency radars (Lhermitte 1987; Mead et al. 1994; Sekelsky and McIntosh
1996; Clothiaux et al. 1995; Hogan and Illingworth 1999). The high scattering efficiency and
short wavelengths at millimeter-wave frequencies provide high sensitivity for cloud detection,
and enable construction of compact, low-power consumption radars for use in airborne
(Pazmany et al. 1994; Sadowy et al. 1997; Racette et al. 2003) and spaceborne (Li 1994;
Stephens et al. 2002) applications. The NASA CloudSat mission, with a 2005 launch date, will

employ a 94-GHz spaceborne radar to measure vertical distribution of clouds globally (Stephens




et al. 2002). Also, the joint Japanese/European Earth Cloud, Aerosol and Radiation Explorer
(EarthCARE) mission has proposed a spaceborne W-band cloud radar (European Space Agency
2001). Data provided by these spaceborne cloud radars improve our cloud-detection capabilities

on a global scale.

The original motivation for a nadir-pointing cloud radar on the ER-2 was to fill a gap in
the detection of a broad range of clouds with the existing active ER-2 sensors. The ER-2 Cloud
Physics Lidar (CPL) which has flown for a number of years, is ideally suited for cirrus clouds
because of its high sensitivity (McGill et al. 2002). Lidars are subject to severe attenuation in
thick cirrus and may not penetrate through multiple-layer clouds. The ER-2 Doppler Radar
(EDOP), a precipitation radar at 9.6 GHz, will penetrate the most intense thunderstorms without
complete attenuation before reaching the surface, but it is generally not as sensitive to clouds
(Heymsfield et al. 1996). A cloud radar not only fills the gap between a lidar and precipitation
radar, but the overlap between the measurements can be useful in multiwavelength microphysics

retrievals.

There is also a significant advantage of taking measurements from high altitudes above
essentially all clouds. High-altitude cirrus clouds are extremely important in producing a net
warming of the climate system, and ground-based cloud radar and lidar systems must look up
through a substantial portion of the atmosphere, which can result in significant attenuation of the
signal if intervening cloud layers are present and/or the lower atmosphere is extremely moist.
Downward-looking 94 GHz radar observations of cirrus and other clouds are clearly
advantageous over comparable ground-based radar measurements which have to deal with strong

water vapor and oxygen absorption in the boundary layer. Since the ER-2 flies at 20 km above



the surface, a downward-looking cloud radar would be in closer proximity to the high cirrus
clouds, so the radar sensitivity would be higher due to the inversed range-squared dependence of
minimum detectable reflectivity. This has been an important issue when studying cirrus anvils,

for example.

The NASA 94-GHz (W-band) Cloud Radar System (CRS) was initiated in the early
1990s to provide cloud profiling capability on the ER-2, but it was completed in 2002 for flight
on the ER-2. Since there were several existing remote and passive sensors on the ER-2 (CPL;
EDOP; Conical Scanning Sub-millimeter wave Imaging Radiometer (CoSSIR); MODIS
Airborne Simulator (MAS) (King et al. 1996), as well as other sensors), the CRS was an
important addition for cloud studies. The ER-2 ensemble of instruments including the CRS
provides the unprecedented capability of studying various properties of clouds. Having all these
instruments side-by-side provides the opportunity to compare them and thus determine the

limitations of each sensor for cloud remote sensing.

The CRS is a Doppler, polarimetric radar (Racette et al. 2003) developed for autonomous
operation on the ER-2 and for ground-based operation. In this paper, we provide an overview of
the CRS system in Section 2, with emphasis on its specifications and design of its RF, IF, and
digital receiver subsystems. Section 3 discusses CRS calibration, which is essential for
quantitative use of the reflectivity data, and minimum detectable reflectivity (MDR), which is
important for cloud detectibility. Section 4 presents reflectivity and Doppler observations from
the first CRS operational deployment during the CRYSTAL-FACE field campaign (Jensen et al.

2003).



2. System overview

The design of the CRS involved a compromise in order to address the scientific
requirements that demand high sensitivity and high spatial and temporal resolution, and
hardware limitations imposed by the size, power, and weight constraints of the ER-2 platform.
Brown et al. (1995) suggested that cloud radar should have a MDR of -30 dBZ. (equivalent radar
reflectivity) in order to detect 99% (92%) of radiatively significant clouds in midlatitudes
(tropics). On the other hand, an airborne radar should also be able to measure strong returns from
intense targets such as the ocean surface, which has a reflectivity exceeding 45 dBZ. at 94 GHz.
Therefore, a receiver dynamic range larger than 75 dB is required to observe both the strong and
weak signals without receiver saturation. Depending on the particular scientific objective, the
spatial and vertical resolution requirements for radar measurements of clouds are typically less
than 1 km spatial and 100 m vertical. These resolutions may not be required for global satellite
measurements, but they are highly desirable for process studies that occur during typical field
campaigns. These requirements can be easily achieved for a 94-GHz radar transmitting a short

RF pulse with an antenna aperture size of approximately 0.3 m.

The ER-2 is a single-pilot aircraft thus requiring that CRS operates completely
unattended over a typical 8-h flight. The entire radar system must have the capability to operate
in a “turnkey” mode with internal monitoring of any faults that may occur in the transmitter ~or
data system, and the capability to reset the system automatically in the event that a recoverable
system failure is detected. The pilot has only two switches and fault indicator lights available for
each instrument. In addition, the ER-2 imposed other engineering challenges for the CRS,

mcluding harsh environmental operating conditions at the surface and during flight (-60 to




+50°C, 40 to 1000 hPa), limitations on size and weight, large data rates and data storage, and
large range-Doppler ambiguities. The CRS was initially designed to meet these airborne
requirements, but it can also be operated as a ground-based instrument with a larger antenna and
higher sensitivity. The following discussion will describe the implementation of these

réquirements.
3. The CRS subsystems

The CRS consists of four subsystems including: a) the radio frequency
(RF)/mtermediately frequency (IF) subsystem with high-voltage power supply and control
electronics; b) the antenna; c) the data system/ digital receiver which performs data acquisition,
processing, and storage; and, d) the environmental enclosure. -The parameters characterizing
CRS performance are listed in Table 1. Because of the other existing instruments on the ER-2,
the CRS was installed in the tail cone of an ER-2 “super pod” located in the midsection of a
wing. The layout of the CRS in this super pod is shown in Fig. 1. The RF/IF and antenna
subsystems are mounted in the tail cone of the right ER-2 super pod. The radar beam is pointed
to nadir through an opening in the tail cone of the pod, which is open to the ambient
environment so as to eliminate transmission effects of a radome. The digital receiver/data system
is located in the midbody of the super pod, which is maintained at ~40 hPa pressure and
temperatures above 0°C. In the ground-based configuration, the CRS mounts on a mobile cart
that has a two-axis gimbaled positioner for scanning. A precision stepper motor controls the
antenna elevation axis and enables range-height indicator (RHI) scanﬁing with a higher-gain
ground-based antenna. Figure 2 shows pictures of the ground-based and airborne CRS

configurations.




a. RF/IF subsystems

Figure 3 shows a block diagram of the CRS. The custom-made RF subsystem, including
the transmitter and RF receiver, was developed under the NASA Small Business Innovative
Research (SBIR) program. It utilizes an Extended Interaction Amplifier (EIA) (Communications
and Power Industries, Canada) tube that transmits 1.7-kW peak power at 94 GHz. This
subsystem also includes a novel power supply, EIA modulator, and timing control unit designed
for ER-2 autonomous operation. The power supply uses three-phase 400-Hz power and includes
active noise suppression. The EIA modulator is capable of transmitting a wide variety of
modulation schemes with range pulse widths between 0.25 and 3.0 ps at pulse repetition
frequencies (PRF) up to 20 kHz (limited to 1% duty cycle), and with the capability to perform
multiple PRFs. The transmit pulse timing can be generated internally using 32 preprogrammed
PRF-pulsewidth pairs or from an external logic signal. The entire radar system is referenced to a
shock-mounted ultra-stable oscillator that generates five coherent frequencies. Among these five
frequencies, the 9.976 MHz from a crystal oscillator (phase noise at 10 kHz off from the center
frequency is 175 dB down from the peak at the center frequency) serves as the phase reference to
the other four. In the transmitter chain, a phase-locked oscillator and six-time multiplier
assembly generates the 94.155-GHz RF frequency and serves as the input of the transmitter. A
second phase-locked oscillator and six-time multiplier assembly produces a signal that is 59.85
MHz apart from the RF signal and functions as the local oscillator signal for RF down
conversion in the receiver. The network of latching circulators and isolators protects the receiver
during the high-power pulse transmission and allows the switching of transmit polarization and

simultaneous reception of co- and cross-polarization for the measurements of linear



depolarization ratio (LDR) and differential reflectivity (ZDR). Following the switch network in
the receiver chain is a mixer-amplifier assembly that has a low noise figure of less than 4.5 dB.
A noise diode is used as a calibrated source to monitor the gain and noise figure changes in the
radar receivers. The average transmit power is monitored by a detector diode. Timing and control
boards provide logic for the radar operation, monitor various fault conditions, and report these
faults to the pilot in the event of a system malfunction. All system status data, including
temperatures at the EIA and receiver hot points, voltage and current of the power supplies, etc.,

are multiplexed and sent to the data system for recording.

Ambient conditions of about -60°C and 40 hPa pressure at the ER-2 cruising altitude
required special consideration in the development of the CRS. Under these conditions, failures
will occur in the EIA transmitter which uses high voltages (~17 kV) in the power
supply/modulator and other electric components (e.g., electrolytic capacitors) normally operated
at low altitude. Therefore, the entire CRS RF/IF subsystem is housed in a pressure canister,
which is sealed by a V-band clamp and can be easily opened for routine maintenance. During
normal flight, the pressure canister maintains a constant pressure (~1000 hPa) at flight level, and
a pressure relief valve is included as a safety feature to prevent implosion should the canister lose
pressure during flight. Since the super pod has an open window to the environment, convective
cooling caused by laminar airflow across this window results in significant heat loss through the
wall of the canister. Heaters inside the canister and a NOMEX insulating blanket covering the
outer body of the canister stabilize the instrument temperature during flight. The internal
pressure and temperature of the vessel are constantly monitored. Should the pressure and
temperature readings exceed the normal operation range, the radar will be shut down

automatically in order to protect key components.



The radar operates using one of two antennas (ground-based or airborne) designed
specifically for the CRS. Both antennas are novel designs utilizing Flat Parabolic Surface
(FLAPS®) technology and were developed by Malibu Research in Calabasas, California under
the NASA SBIR program. The ground-based Cassegrain antenna with a ~1 m “square” aperture,
has ~55 dBi gain and can fold up for storage to ~0.5m. The airborne antenna designed for
installation on the ER-2 is an offset parabolic reflector antenna with a pencil beam and 47 dBi
gain. This antenna has dual-linear fixed-position feedhorns. The primary reflector is mounted to
a two-axis gimbal with the capability to scan +20° across track and +5° along track for pitch
correction. Motion control for automated positioning of the primary reflector is not yet

implemented.
b. Digital receiver, data acquisition and signal processing system

The data system is similar to the most recent implementation on the EDOP system
(Heymsfield et al. 1996). It is based on a VME bus with a host computer that runs the VxWorks
operating system and provides basic control and initialization of the system. Radar operation
parameters can be modified through this host computer and preloaded into the data system before
flight. The host computer also sends processed radar returns and aircraft navigation data to a 2.6-
GBiyte solid-state data recorder, which provides the improved reliability against vibration that is

necessary for ER-2 operation. |

The data system performs real-time processing from bandpass filtering of the
intermediate frequency (IF) signal to calculation of the inter-pulse covariance products. At the

heart of the radar data system are the digital signal processing (DSP) boards designed by the
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National Center for Atmospheric Research (NCAR) in Boulder, Colorado. The NCAR boards
include a digital receiver that ingests the 59.85-MHz IF signals from the radar RF receiver.
Timing of the data processing is phase locked to the 9.96-MHz stable reference from the radar
RF/IF subsystem. The digital receiver has a 90-dB dynamic range that is achieved using two 12-
bit analog-to-digital converters operating in parallel. Within the digital receiver, the IF is
digitized nto the in-phase (I) and quadrature (Q) signal components which are then match
filtered. The data system also provides a timing signal for switching the transmit polarization for

measurement of ZDR.

For Doppler processing on the ER-2, the range-Doppler ambiguity at 94 GHz necessitates
using a dual-PRF (4 kHz and 5 kHz) approach (Doviak and Zrnic 1993) to extend the
unambiguous range and Nyquist interval. The 4 kHz/5 kHz dual PRF mode allows unambiguous
Doppler measurements up to +/-15.9 ms" and an unambiguous range of 30 km. The Doppler
processing is performed using an autocovariance estimator (pulse-pair) on 720 gates. The
integration time is programmable; for airborne operation the integration time is set to 0.5 s. The
pulse-pair estimator greatly reduces the computational requirement over frequency domain
(spectral) processing. The zeroth, first, and second lag autocovariance products (real and
imaginary components) for each gate are stored in the solid-state recorder; the mean Doppler and
spectral width are estimated in post-processing. In addition to the radar signal processing and
status data, the data system captures low-rate (1 s) and high-rate (up to 64 Hz) aircraft attitude

and navigation data for later use correcting the Doppler velocities for aircraft motions.

4. System calibration and minimum detectable reflectivity

11




Radar calibration is an important issue for millimeter-wave cloud radars since errors in
radar-reflectivity measurements have a direct impact on the retrieval of cloud microphysical
properties. For instant, ice-water content (IWC) can be estimated from radar reflectivity using an
empirical relationship. If Brown et al.’s (1995) IWC versus radar-reflectivity relationship /W C =
0.153Z.%™ is used, then a 1 dB error in the radar reflectivity measurement will result in a 16%
uncertainty in the IWC retrieval. However, the calibration of millimeter-wave radars is not
simple (Li et al. 2001; Sekelsky 2002). The delicate nature of millimeter-wave components and
the harsh environment in which they operate may cause undetected performance changes unless

a regular system calibration is performed.

Millimeter-wave radar calibration is complicated by the difficulty in configuring the
radar for calibration, and the lack of absolute standards from which to establish calibration. To
this end, we have applied different approaches to ensﬁre the accuracy and stability of the CRS
calibration. The CRS has an internal noise injection loop that monitors the gain and the front-end
noise figure of the receivers. The average transmit power is continuously monitored through a
diode detector and integration circuit. These measurements provide in-flight monitoring of the
transmitter stability. In addition, the entire receiver path with the exception of the antenna was
calibrated by injecting a W-band signal into the receiver port to provide an end-to-end (excluding
the antenna) reference for the system. With measurements of the antenna gain and estimates of
losses, the radar-system constant was estimated. However, uncertainties in losses and reflections

of inter-connected components require further consistency checks using external calibration

measurements.
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External calibration was performed using a trihedral corner reflector similar to that used
for other W-band systems (Li et al. 2001; Sekelsky 2002). During this calibration, a 25.4-mm
corner reflector was mounted on top of an 8-m high, zenith-pointing pole tower. To reduce the
clutter effect of the tower, the pole was made of low reflection fiberglass and was further
covered with absorbent materials. The tower was tilted a few degrees from zenith toward the
radar in order to minimize speckle reflections. In addition to this target calibration, a radar
intercomparison was performed at the University of Massachusetts (UMass)/Amherst. The CRS
was set up alongside the UMass ground-based Cloud Profiling Radar System (CPRS) 95-GHz
cloud radar (Sekelsky and McIntosh 1996), which has been well maintained and calibrated over
the past decade. Inter-comparison measurements between the CRS and CPRS for similar cloud
volumes were conducted during autumn 2002, and these demonstrated consistency between the

two instruments to better than 1 dB.

The ocean surface has been used to calibrate airborne and spaceborne radars (Meneghini
and Kozu 1990; Durden et al. 1994) and has been proposed as a calibration reference for
CloudSat (Stephens et al. 2002). We have investigated the potential for using ocean surface
scattering to validate CRS calibration (Li et al. 2003). In general, the scattering cross section, o,
is a function of radar frequency, radar beam incidence angle, and ocean surface wind speed, as
well as wind direction and polarization. During the calibration, ¢;, was estimated using surface
return at low incidence and quasi-specular scattering theory (Valenzuela 1978). It is worth noting
that at 94 GHz, the attenuation caused by water vapor and oxygen absorption in the lower
troposphere is significant (Clothiaux et al. 1995, Li et al 2001). It is therefore necessary to
correct this attenuation to ensure the accuracy of the o, estimate. This attenuation is calculated

using meteorological data profiles, including temperature, pressure, and relative humidity
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obtained from ER-2-launched dropsondes and the Liebe (1985) millimeter-wave propagation
model. Meanwhile, the dropsondes also provided measurements of near-surface wind conditions
that are required to calculate o using the quasi-specular scattering model. The analysis shows
that the other CRS calibration results (i.e., using a corner reflector) agree with calculated o, to

better than 1 dB as well.

The minimum detectable reflectivity (MDR) of the CRS is estimated from the minimum
detectable signal determined by the radar system noise level (Skolnik 1980). The mean noise
power P, is calculated using P, = kT,BF,, where k is the Boltzman’s constant, T, is the physical
temperature of the antenna, and F, is the system noise figure. The CRS receiver noise figure
including losses in the antenna, waveguide, and switch network is ~7.5 dB. For a 1.0 ps RF pulse
(150-m range resolution) with a 1-MHz matched filter, the CRS single-pulse MDR at 10 km
range is -14 dBZ. with the airborne antenna, and -31.2 dBZ. with the ground-based antenna.
Noise averaging and noise sﬁbtraction is necessary to detect weak cloud signals. The typical
CRS operation mode on the ER-2 is 4 kHz / 5 kHz in the dual PRF mode, resulting in an
effective PRF of 4.444 kHz. For one second averaging and noise subtraction, the CRS MDR at a
10-km range is -32 dBZ, with the airborne antenna. The actual MDR during CRYSTAL-FACE
was -29 dBZ. (150-m range resolution, 1 s time average), which is 3 dB higher than the
theoretical value. The difference between the measured and theoretical value of the MDR is due
to the extra losses at the interfaces of the front-end waveguide and noise from the high-voltage
power supply. For ground-based operation, the corresponding MDR at a 10-km range is -49.2

dBZ.. Figure 4 shows the CRS ground-based and ER-2 MDR for a 1-s averaging time and 1 pus

pulse width; the theoretical curve for 0.5 ps pulse width is also shown. Note that for upper-
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tropospheric cirrus located at 15 km altitude (5 km from the radar), the MDR for the ER-2 is ~-

35 dBZ, for the flight data.

5. CRS measurements from CRYSTAL-FACE

Tropical maritime thunderstorms are a significant producer of ice particles that are
carried aloft and then exit into high-altitude anvils to be carried far from the generating
thunderstorm. Quantifying the radiative, microphysical, and spatial properties of these
thunderstorm-generated cirrus clouds and their evolution with time, was one of the key goals of

the CRYSTAL-FACE campaign during July 2002 (http://cloudl.arc.nasa.gov/crystalface/, also

see Jensen et al. 2003). As one of the six aircraft operated during CRYSTAL-FACE, the ER-2
carried a full suite of sensors, including EDOP, CPL, CoSSIR, MAS, dropsondes, and other
instruments. The ER-2 was based at Key West Naval Air Station, Florida, and conducted 11
scientific flights during the experiment. The CRS collected its first datasets from cirrus and
thunderstorms, and it operated successfully during all the flights. In the following, we will show
several data examples. Detailed analyses of combined CRS, EDOP, and CPL data from

CRYSTAL-FACE will be discussed in separate papers.

On 9 July 2002, the ER-2 flew a “deep south” mission to remotely sense cirrus along
with the WB-57 aircraft that sampled the tropical tropopause layer. The ER-2 flew to the south
of the Gulf of Mexico through the Yucatan Channel, then flew across a thunderstorm-generated
cirrus region off the east coast of Nicaragua apd Honduras. Figure 5 shows CRS height-time
sections of radar reflectivity (Fig. 5a) and Doppler velocity (Fig. Sb ) for a flight leg between

1730 and 1748 UTC. The geographic coordinates of the start and end points are shown at the
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bottom of the plots. The CRS was able to penetrate through this thick cloud and light rain layer
to detect the ocean surface. The ER-2 GPS altitude (nominally 20 km) was used to reference
radar range to the surface, and the strong surface return is observed close to zero altitude, as
expected. The measured Doppler velocities must be corrected for aircraft motions before they
represent hydrometeor motions that are of scientific interest. In the absence of vertical air
motions, these hydrometeor motions represent reflectivity-weighted hydrometeor fall speeds.
The aircraft corrections are estimated using the ER-2 navigation information along with an
estimate of the antenna tilt angle, i.e., the angle offset of the antenna along-track (Heymsfield et
al. 1996). This tilt angle was obtained using the Doppler velocity of the ocean surface, which
should be 0 ms™ in a statistical sense. The tilt angle was adjusted during the first few flights of
the experiment in order to reduce the tilt angle to less than 1° as an average during flight (the ER-
2 varies pitch angle by about 2° during flight). The Doppler velocity data shown in Fig. 5 was

corrected for aircraft motions using this estimated tilt angle.

Several interesting features are noted in Fig. 5 where CRS detected a thick (4.4- to 15-km
altitude) deep ice-cloud layer with occasional light rain below it. The transition from snow to
rain typical for stratiform rain is clearly evident in this pass. The melting layer is observed at
4.4-km altitude from the sharp increase in velocity toward the surface below this altitude and
below the band of lower reflectivity. These lower-reflectivity bands are due to Mie scattering by
the large melting snowflakes as they fall through the melting region. In order to improve
reflectivity sensitivity at cloud top, reflectivity data were post-averaged, noise subtracted, and
thresholded by the minimum detectable power level. The Doppler velocities were not suitable for

noise subtraction since they were estimated using autocorrelation products based on
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measurements of phase shifts between pulses. Therefore, the reflectivity image shows several dB

more of weak cloud than the velocity image.

The second case (Fig. 6) shows CRS measurements from high-level thin cirrus clouds off
the west coast of Florida on 16 July 2002 which were generated by a localized convective storm.
The CRS reflectivity and velocity between 2242 and 2248 UTC indicate the that cirrus extends
between about 8 and 13.5 km. The cloud top is at a 6.5-km range from the ER-2 where the CRS
MDR is approximately -33 dBZ.. Therefore, the CRS is able to detect weak cloud signals as low
as -33 dBZ. at this altitude, which is very difficult to achieve using a zenith-pointing ground-

based W-band radar.

On 29 July 2002, a convective anvil was generated along the west coast of Florida (Fig.
7) which produced more significant rain (compared to Fig. 5). Figure 7a shows the CRS
reflectivity from 2044 to 2101 UTC. The cloud top was at ~14 km above the surface, while the
melting layer in the raining region was at ~4-km altitude. The CRS penetrated through the storm
system and measured the ocean surface return most of the time during this flight line. However,
its signal experienced almost complete attenuation in the region where it was raining (distance
~125 km or 2054 UTC). Figs. 7b and 7c show the ocean surface reflectivity and the two-way
path-integrated attenuation (PIA), respectively. For Fig. 7c, the ocean surface return from the
rain-free and cloud-free region in the early part of this flight line is used as a reference to
determine the PIA, which is a useful constraint for rain rate and cloud microphysical property
retrievals from airborne and spaceborne measurements (Meneghini et al. 1983). As is evident in

Fig. 7c, the maximum PIA is over 36 dB, or about 8 dBkm™ when averaged over the 4-km rain
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path. A very rough estimate from Lhermitte (2002, Fig. 4.10) indicates that this amount of

attenuation is produced by a 10 mmbr™' rain rate.

6. Conclusion

The CRS provides an important new tool for studying clouds from a high-altitude, down-
looking vantage point. It is capable of measuring most ice clouds and light rain through the
troposphere and lower stratosphere. For cirrus cloud detection, The CRS has several unique
advantages over ground-based millimeter-wave radars. First, because it operates in a downward
looking mode from a high-altitude platform, CRS measurements of the higher altitude clouds are
not affected by the water vapor and oxygen absorption, most of which is present at low altitudes.
Second, radar sensitivity decreases with increasing range from the radar. Operating from ER-2,
the CRS is able to measure high-altitude cirrus clouds at a closer range than ground-based radars
and upward-looking radars operated from middle- or low-altitude research aircrafts. Therefore,
for some applications such as high-level cirrus measurements, the CRS has advantages over
ground-based radars, even though these systems have larger antennas and somewhat higher
sensitivity near the radar. Third, the CRS is able to use the ocean surface as a calibration
reference to monitor system performance and to estimate total path attenuation, which is valuable
for understanding the physics of W-band measurements and for cloud microphysical properties
and rain-rate retrievals. CRS system calibration has been performed using different methods,
including an external trihedral corner-reflector calibration, the ocean surface, and

intercomparison with the UMass ground-based CPRS 95-GHz cloud radar. The results from all

these methods agree within 1 dB.
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The CRS collected its first airborne data from the CRYSTAL-FACE experiment during
July 2002. It functioned exceptionally well during these flights, and ongoing data analyses have
indicated that the extensive dataset collected will contribute toward meeting the scientific
objectives of the experiments. The present emphasis is on further understanding W-band
calibration using the ocean surface, and combining CRS, EDOP, CPL and CoSSIR observations

to improve cloud microphysical property retrievals.
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List of Figures

Figure 1. CRS installation in ER-2 right wing pod. The CRS data system is installed in the
pressurized middle body of the ER-2 wing pod, while the radar RF/IF subsystems and
antenna are installed in the tail cone. The radar beam is pointed to nadir through an open

window.

Figure 2. CRS hardware: (a) CRS setup in laboratory with the airborne antenna, (b) CRS data
system installed in the middle body of ER-2 right wing pod, (c) CRS RF/IF subsystem

installed in tail cone of ER-2 right wing pod, (d) CRS with the ground-based antenna.
Figure 3. Block diagram of CRS.

Figure 4. CRS system minimum detectable reflectivity (MDR) using 1-s averaging. The solid
line shows the actual CRS minimum detectable reflectivity using 1.0 us pulse width
during CRYSTAL-FACE.

Figure 5. CRS measurements on 7 July 2002 show ER-2 pass across thick anvil cirrus with light
rain. Panel (a) shows the equivalent radar reflectivity and panel (b) provides Doppler
velocity corrected for aircraft motions (negative values are downward). The strong signal
at zero altitude is the ocean surface return.

Figure 6. Thin cirrus clouds near the west coast of south Florida on 16 July 2002 presented
similarly to Fig. 5.

Figure 7. Thick cirrus with moderate rain on 29 July 2002 off the west coast of south Florida. (a)
equivalent radar reflectivity, (b) ocean surface reflectivity, and panel (c) two-way path-

integrated attenuation estimated using surface return technique (SRT).
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TABLE 1: CRS system specifications

Frequency (GHz)

IF Frequency (MHz)
Peak Power (kW)

Duty Cycle

PRF (kHz)

Pulse Width (us)
Transmit Polarization
Receive Polarization
Noise Figure (dB)
Receiver Bandwidth (MHz)
Antenna Beamwidth ( ©)

Antenna Gain (dB)

Sensitivity (dBZe) *

94.155

59.86

1.7

0.01 max

0.5-10

0.25-2.0

VorH

Vand H

7.5

1,2,4

0.6 x 0.8 (Airborne),

0.3 (Ground-based).

46.4 (Airborne, measured),
55 (Ground-based).
-29 (Airborne, from flight data),
-49.2 (Ground-based).

* At 10-km range, 150-m range resolution, 1-s averaging
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Pressure sealed canister
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Middle body of ER-2 wing pod Tail cone of ER-2 wing pod

Fig. 1. CRS installation in ER-2 right wing pod. The CRS data system is installed in the
pressurized middle body of the ER-2 wing pod, while the radar RF/IF subsystems and

antenna are installed in the tail cone. Radar beam is pointed to nadir through an open

window.
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Figure 2. CRS hardware: (a) CRS setup in laboratory with the airborne antenna, (b) CRS data
system installed in the middle body of ER-2 right wing pod, (c) CRS RF/IF subsystem

installed in tail cone of ER-2 right wing pod, (d) CRS with the ground-based antenna.
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Fig 3. Block diagram of CRS.
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Fig. 4. CRS system minimum detectable reflectivity using 1-s averaging. The solid line shows
the actual CRS minimum detectable reflectivity using 1.0 ps pulse width during

CRYSTAL-FACE.
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Fig. 5. CRS measurements on 7 July 2002 show ER-2 pass across thick anvil cirrus with light
rain. Panel (a) shows the equivalent radar reflectivity and panel (b) provides Doppler
velocity corrected for aircraft motions (negative values are downward). The strong

signal at zero altitude is the ocean surface return.
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Fig. 6. Thin cirrus clouds near the west coast of south Florida on 16 July, 2002 presented similarly

to Fig. 5.
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Fig. 7. (a) Reflectivity of a tropical anvil in the west coast of Florida on 29 July, 2002, (b) Ocean
surface reflectivity, (c) two-way path-integrated attenuation estimated using surface

return technique (SRT).
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